12 United States Patent

US008362376B2

(10) Patent No.: US 8.362.376 B2

Sen et al. 45) Date of Patent: Jan. 29, 2013
(54) ELECTROSTATICALLY DRIVEN HIGH 6,946,776 B2* 9/2005 Fongetal. ... 310/328
SPEED MICRO DROPLET SWITCH 7,005,593 B2 2/2006 Gaspz_lryan et al.
7,030,328 Bl 4/2006 Beerling
(75) Inventors: Prosenjit Sen, Los Angeles,,. CA (US); g:g%:gg E% 191,//3882 EZZEEE of al.
Chang-Jin Kim, Beverly Hills, CA (US)
FOREIGN PATENT DOCUMENTS
(73) Assignee: The Regents of the University of WO WO 2006/057780 A2 6/2006
California, Oakland, CA (US) WO WO 2006/068744 A2  6/2006
_ _ S _ (Continued)
(*) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 660 days. OTHER PUBLICATIONS
(21)  Appl. No.: 12/523,419 PCT International Preliminary Report on Patentability (Chapter I of
the Patent Cooperation Treaty) for PCT/US2008/051094, Applicant:
(22) PCT Filed: Jan. 15, 2008 The Regents of the University of California, Form PCT/IB/326 and
373, dated Jul. 30, 2009 (6 pages).
(86) PCT No.: PCT/US2008/051094 (Continued)
§ 371 (c)(1),
(2), (4) Date:  Jul. 16, 2009
Primary Examiner — Renee Luebke
(87) PCT Pub. No.: WO2008/147576 Assistant Examiner — Lheiren Mae Caroc
PCT Pub. Date: Dec. 4, 2008 (74) Attorney, Agent, or Firm — Vista IP Law Group LLP
(65) Prior Publication Data
(37) ABSTRACT
US 2010/0025207 Al Feb. 4, 2010
An electrostatically driven high-speed micro droplet switch
Related U.S. Application Data includes a substrate having an upper surface containing one or
(60) Provisional application No. 60/885,826, filed on Jan. more signal electrodes that are selectively connected via a
19, 2007. droplet. The switch includes at least one actuation electrode
disposed beneath the upper surface of the substrate, the at
(51) Int.CL least one actuation electrode operatively coupled to drive
HOIH 29/00 (2006.01) circuitry. The switch includes a frame disposed on or above
(52) US.CL .., 200/182 the upper surface of the substrate that 1s configured to hold the
(58) Field of Classification Search ................... 200/182 droplet 1n substantially the same location during operation of
See application file for complete search history. the switch. In one aspect, the frame 1s configured to absorb
variations in the volume of the droplet placed on the switch,
(56) References Cited leaving the active meniscus not atfected by the varnation 1n

U.S. PATENT DOCUMENTS

6,323,447 Bl
0,559,420 Bl

11/2001 Kondoh et al.
5/2003 Zarev

volume.

28 Claims, 11 Drawing Sheets

/10




US 8,362,376 B2
Page 2

FOREIGN PATENT DOCUMENTS
WO WO 2006/118703 Al  11/2006

OTHER PUBLICATIONS

Kim, J. et al.,, A Micromechanical Switch with Electrostatically
Driven Liquid-Metal Droplet, Proc. Int. Conf. Solid-State Sensors

and Acutators (Transducers *01), Jun. 2001, Munich, Germany, pp.

748-751.

Edwards, R.T. et al., Breaking the Resistivity Barrier, Proc. The 3rd
NASA/Dod Workshop on Evolvable Hardware, Jul. 2001, Pasadena,
CA, pp. 167-171.

Kim, J. et al.,, A Micromechanical Switch with Electrostatically
Driven Liquid-Metal Droplet, Sensors and Actuators, vol. A97-98,
pp. 672-679, 2002.

Shen, W. et al., Controlling the Adhesion Force for Electrostatic
Actuation of Microscale Mercury Drop by Physical Surface Modifi-
cation, IEEE 2002, pp. 52-55.

Shen, W. et al., Mercury Droplet Microswitch for Re-Configurable
Circuit Interconnect, Proc. Int. Conf. Solid State Sensors, Actuators
and Microsystems (Transducers *03), Boston, Jun. 8-12, 2003, pp.

464-467.

Shen, W. et al. Fabrication, Packaging and Charaterization of Mer-
cury Droplet Switches Integrated on CMOS Chip, Presented at
ASME Int. Mechanical Engineering Congress and Exposition, Ana-
heim, CA, Nov. 2004; pp. 1-6.

Sen, P. et al., Electrostatic Fringe-Field Actuation for Liquid-Metal
Droplets, Proc. Int. Conf. Solid State Sensors, Actuators and
Microsystems (‘Transducer ’05), Seoul, Korea, Jun. 2005, pp. 705-
705.

Shen, W. et al., Electrostatically Actuated Metal-Droplet
Microswitches Integrated on CMOS Chip, Journal of
Microelectromechanical System, vol. 15, No. 4, Aug. 20006, pp. 879-
889,

Sen, P. et al., A Fast Liquid-Metal Droplet Switch Using EWOD,
IEEE Conf. MEMS, Kobe, Japan, Jan. 2007, pp. 767-770.

PCT International Search Report for PCT/US2008/051094, Appli-
cant: The Regents of the University of California, Form PCT/ISA/
210 and 220, dated Sep. 18, 2008 (4 pages).

PCT Written Opinion of the International Search Authority for PCT/
US2008/051094, Applicant: The Regents of the University of Cali-
fornia, Form PCT/ISA/237, dated Sep. 18, 2008 (6 pages).

* cited by examiner



U.S. Patent Jan. 29, 2013 Sheet 1 of 11 US 8,362,376 B2

NN N N NN NN N NS NN NS N NN NN N N SN N NN
00620%6%6%%6%26%6%6%6%%6%%6%6%6%6%%6% %% %66 % %% %2

NN

FANA A

)

.

— RN SN
P T T T 7T T

20

FIG. 1A

USS SN
26+ 1.2

(L L L L L L [ L LS

g

DN

FIG. 1B



U.S. Patent Jan. 29, 2013 Sheet 2 of 11 US 8,362,376 B2

H’OFF!!




U.S. Patent Jan. 29, 2013 Sheet 3 of 11 US 8,362,376 B2

10
18 18 /
32b—
/ 16
T TN N\ 26
32a / (‘\ \ 32¢
f \\
S <
> Q /B2
18 @18
\__i 56
FIG. 3A
20
{_ o - —I
«10
162 16b
36 32a/ |30 26 30 26 35/ \32c,4 36
N (— N — AL
N T
412
22
56

FIG. 3B



U.S. Patent Jan. 29, 2013 Sheet 4 of 11 US 8,362,376 B2

FIG. 4A



U.S. Patent Jan. 29, 2013 Sheet 5 of 11 US 8,362,376 B2




U.S. Patent Jan. 29, 2013 Sheet 6 of 11 US 8,362,376 B2

18 32D 18




U.S. Patent Jan. 29, 2013 Sheet 7 of 11 US 8,362,376 B2

R, (92b)

R, (32a)

R,(923a)

FIG. 6A
R, (92b)

R,(32a)

R,(92a)

FIG. 6B

R, (92b)

R, (323a)

R,(92a)

FI1G. 6C



U.S. Patent Jan. 29, 2013 Sheet 8 of 11



U.S. Patent Jan. 29, 2013 Sheet 9 of 11 US 8,362,376 B2

600
150 ; —A— 75V Contact Angle
4514a 0~ A— 100V Contact Angle 550
140 - 26 \/ —@— 75V Distance Moved 500

135 -
130 =
125 -
120 ~
115 -
110 -
105
100
85 -
90 -
85
80 -
75 L, — 0

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

Time(us)

—w— 100V Distance Moved

o P
> N
o QO

Contact Angle
Distance Moved(um)

FIG. 8



US 8,362,376 B2

Sheet 10 of 11

Jan. 29, 2013

U.S. Patent

i

x

— Actuation
e

Actuation

igna

20

1

Signal

(A) ab2yjoA reubis

0 w <r

Switch off
latency (150us)

)
=,
-
(O
Pty
>
O
2
5

Switch on

0.
O

4
-6

{A) ebejjoa uonenjoy

N

80

'E

~1

1600 1800 2000

1000 1200 1400

200 400 600 800

0

Time (us)

FIG. 9A

-

"= T
L l...-..:l..ﬂ.-.f-r. .y

LA

(A) abejjoA reubig

=t
A

“lunﬂf..t}.tlﬂ” .

....
AL AL R LT
g el o, o

e e l.anu.

okl e

bl |.-r.-r.-..-r.-..".-.lq”_.ﬂ

...r..rH [

u

L ity

ety s e
T e R LR
2t -

il gy

LU,

e ¥

e st

i

et

LA

e e T
L AR R
e ..r.ﬁ.....r..._t.r__........................ Ay
1 ..t-.rl-lr..r ...rlr.-r.-l.-rlr.-l....,.(r.-.(.
: SRR :
SRrSpeteay BRI SEi
........“...._....ﬂﬂ....ur.u:. wum I b et ._._._uu.r L
gy

]
S il p 2 N
b S A A, -..._.-__.-_

Lralatals e e e

iy

b B B B B S 8 N R N
o5 2 Y T W s WL T _-.I-...,n.u -,
Ll b : nm e e L AR y
o e s L L1
A : o) N LR LR NN
" ] SRR o ...
ﬁ-lli |rt|f|F|t|fl i T T T N T
L L L ﬁ
AL,
a Ly .f.f.f..f.f.—lll..‘llt..
L n g R

iy iy
..ﬂnﬂ/..mﬁnmfﬁf,.
b y ]

g Sy Ry LY

AANe) -m o m e AL R, ..._...-..._r =
b .rﬂf....‘ o e iy g, g o, T ) )
....rvrI/(..,...- kN .rpr........u..._.r i et -f-nﬂuif-p-ﬁ-._cuuﬂn- b Eebaketabalkot

] ! ! o L )
] ﬂm.ﬂfﬂdfu > .”.J....r.....m b)) e ffﬂﬁﬁﬂﬁg. -u..nlr. -uun..._u.;_nu"-"u..._“_ﬁu-_.n#“f__-.rm-ﬁnﬂ"-f-u- # J.H-“..”ﬁfﬂurf.rﬂfﬁﬂﬁﬁﬂ U...__.. W....;.ﬂ
" T

LR

e ] .._..;. >

RSy ......_.,...._.:.,..,-J... ._-.,.__..xt.jf u L N R g
...r._a“..“.#_..__...._.. .f..- .-;.r." Y, -..-.....H__n-._..._r__._... -

_._..”.u ..........._._.; e
SR

LY
LY

- o
.,....,,,_.,_,:mrm.... Dt o R T
btk .ﬁ.? e .._.._...._uu.._.._.?,,w....;..._..,....éh......n..

o -" k]

A

e e B

A T T T

.
n

W e

R e A

L
S

= a N Ay

w -.rlr.r.....r.n.r.-...:..n..

LTy LR

T

Ty

oy’

n....-u

)

d
n Lt . ] A

il

SRR Y
O o TR

s
.
o
[t
T AL AL

E

LA
.:_'r..‘..-..'
=
o
.
i

"
f LA
b

e R R T L
e e

STy T
: .H....Jl-....u_.........u..ﬂ ..._.._.._._r.u.
H, Ry
i
i R gy
. e

ﬂ‘ﬂj”-ﬁ.l.fffﬁf

AR
et R Ry TR E R,
AN RN L,

e

ATt

ML)

R

Y

.—)-.—nll L

o
.nﬁ.ﬁﬂﬁﬁ#ﬁ%vwwﬁ? : ﬂ.u..,.w“.p

T
L U..ljl-.
e B e g e e
HF-_rtlr h

i i R R )
r.r.r.r.....r....Hﬂ P ae e

ﬁu... J RN A
ﬁ.. T L
. e 1R

LN e
...-r...-..—..t.IlrI.t.r.r.t LY

e

R ki By LY LY oY

FAUEY

]

...-.I.J-“-.Jr..lllr...r-r-r
TR
;

h Pyl ey
A
. A
SRR

=
e

[ P

)

oY)
e
Tk

L b e s B

.-lnltlrﬁlnl- R R

L a ]

wn ey

. l.l.-.f.l-.r.ﬂ

g - b Ry
A L : Ana ity
e ' r.,.m.,..r,.
- L
i

WL e
H-r.r.r.r.....f.. P

2w, .'l.'_-::l'
s

h W e n Y L
.-ltl;HnJl-lll-lrdr - .-fu.-l
Ny Uk 'yl -..uFquFutll.c..Utl.f.-r.f.lf.rrJl AW M o
"
Ty

Wty .-...t .-...t T T TR T T
] .I-_r -vF-_rlt S llr.f.-llr.f.-r.fu e e N

SnTRTRRRE
A
2ty .....u.f,.-"........ B

K X
“mrLN ] Ty Ty Ry T Ty e -
......,........ e, Sy n".... e

.,.nu.r..... ]
e T A TR
...r..._,.“ ﬂ............... it T o
] .................,r......-...,........n....,.hm_.r.n. :

e M ) Tl ]

P, -
AR RN

Ll
.

R

Sl e L

(AN ey

-r

= et
DR
e e,
e AR R A
amn oy

L -
L
-
L
T e e —_
f e
u

i mn 'y

on 'y ny i Ty Ny e R R

o

" 1
ey
o N R T ek ek ek ke
%””f..flt.lt.lr.flt.lrjllt..f#lt.jl b :

o S
FE
|(ﬂ..f..lej|J||uj..cl.f A Wy

L I L T L L

—e— Actuation Voltage

. R

.._r.h. ta

-

T
i

FrTia

2,
F.

A
e

s
ﬂ-‘.ﬁ-

—&— Signal Voltage

LAy

-

i
[ L L N

e

o

b
N A N .
T Y A b o
iy f.ﬁr: ) 3 Ml )
[ty . ! b

.tlI.ﬁ S i T
n -.U.f e e e R LR U e B

A R ) AT ks
by L
e A e taliih I e e R,
Ry e ; ..J..r.r....r._r..n.....r.rH.........r.r. o
LS \ - R AR LR L .-.
e et ] T e e
B Talaliy ) wll L] i) .r_“r
Lt L R o we
e e T e

) o
N ST I ST
i

o,

.

"
ey P LA R R R R T L A .
Y .............HNJ... Pt Jobo T 2 ...._.f.
o S T e e e F.nf.,...,‘u//‘f‘
5 !

AR RTLR Y TEEhEE .—.ﬁr L

o k. ._,..........u R ) iy, T T K
S N iy e -
RN Rty T

L )

.tﬂlt e ||r

Y

<
o
[y

Yy W uY

)
J NN N jl.f.r Ly
N e L e R
el """l " "l il “1...r iy -
" TR TN Tamg o R -
: R e E Ty e R s
e e e . e AL A L Ny
At L= = e Rt B ety
D A A A ) e e T R Eifitye
Yy el e fl Ly -
oy !
b

I
b
|I|F-.J. -o...c.lFlFlF Y e R ek i =t by "
TR e ] e Y -
A A s e R ......... f#.,.......r#... .

b

P
N LA
o Ly

BERTyRy:

=
; ; 5
....... .,}.H. ....ﬁ..m./p__.rh TR i L
gyl i ] w W .-..;wa‘ffrfn .
e A T e B

R L, ..H”.r

. ) Lt
. e Lk ™ A .n!..nﬂ..nﬂ.-nr--....uu....:ﬁnn.....,. ;

|J.-. e e e T oyt X . T T, L

e
R
- ™ [

e

e
ot

.
W-H.ff. A AT R U R A R R LR R Y Ty Ry
o L

b ...r.;r,. n
Jrlr.c..—ruturur.-rlruf.—. SRR L R L N R, Y ”.-JH Julet
JEF!H#-LFJEH: i P iy tetatyly
e LR Ir.-.J...-..-r...r.—...llj.l Sty e " T innk]
.:uﬁur"r..rﬂﬂ..._ ik mia vk ,,u........f......ﬂ I i |-._.|."_.r-.-|_.
= e oy e e iy
L) .|..._........,..r.|.|.r..._..,.ﬁ......,... e R ﬂ...n..-

S

s
R,
-

Lrerira

o

L T ]
Sl

SuPulu i,

R

o) PR

- Y Y
bkl .I.ﬂr- T R LR T AR L
RN . kN l-.Hl.f.l.—r )

: Ry SRt
[ .-H‘.._. 3 T T B AR e T
dndd X .. e e R L K

o ... s X m.“##..
r-.,,_......h-.u .h_.r_,.._,n;.”r_..r_..._-.._n_...?r X L 3 ht ] 2 -r.....rﬁ..r... AR R RN LR LR v
> .rﬁﬁﬂ.-ﬂ.... AR AR TR AR R ALY /....A.It{

iR
S i

A .TH R Nt T N T T Ry
b

..._
-......,-..........-........................... ..._............,........_...n....r.r..........,_........... e, h
-..J.u P e S e e P R PR e i -ﬂ_‘- ettt e S
N T N e
S .
[
ol iy

-] .—..—-..—..J..—-.—.J..—-.t hnkh ]
S T T Y -
.-..-.._-.-.rﬂ-._.-r i e e e

) AT Y
:....._a.."a...— L .r....r.,r--_f..”..ﬂ.nr.t....f.r.rﬂu Ay
ARy Ty

R ] s

N e e

"
B v
..,,...:ﬂ b et

Yy
i Ly

...u............-”....-...._.Fr..-...J..“............. Rk ] _r-ﬂnu. .r-.r.
e R e R e e i end

o R A ._,..H e -._-.-.mn..

e
Sttt ettt .
e .....H.,HH

R e T Al
e T L
ey

e
b e
= eyt Lyt

TP T

P s e By

. lnlﬁﬁ.f.f.l..: I LYy

T T T e A T,
e T N L Sy T e T e L e
i e e el L L

- A,
- a"a HfﬁJu-HHJJHHJHHFHHHJ
) .
RN I
e e LRy

R e ;
o g pater, T e g e a

.r.rn"nr...r.....n.r.r.r-l.... LR ........._....... o

oy .__WH.,-%H” ]

]
-l--.

;—r;‘r"\' -,
ey

L

p"a e |..-r||.-l.|ﬁu-. o
-

T L

s, e RELRL . .

" ey A}.-rur.—l.—n.—nl. SRR e b .

AL b B iy .-..H”..-r.-l.-r.-ru-. AR AN R LY
"y

S, L,

b= e R
-H L R R R
o u...—r-r.—...—r.—r T e N N By
b, o

o

SRR

S e .HI........_......_.._......_.-....._......_
Ao o e e e e e e

b et e e
HJH,...._......H.._............_-..__.r.u.m i :
S R s
L ..,...ﬂ........._.:....-_..._.r._- n .r._-.__.[.......H..rr.. '
....,.._.... b ...r............,...._h e W b ﬁu‘”._
e .._......._.t.f w AR __?
.f_.-ﬁ.._._ w e e T Tl
....r M ] e .......-n........u.. R
[ e o L T e
R T T e T AR RRRY LART
.-..-. LN Y u.u..u..u.-.._n...u...._............... |..|-....1Hn._.._un.
S R
_r._..z.Au-/. . _...n“". AAL [ Ly ....U-U...m....uuunﬂ.n..f..ﬁa.
>

N L a N R e L
o -.-.u_r -un_.."n..._-..uu. “n_..-l - T e S e ...,..rn..... ’
....
s
!

o
Ad

%

'
]

PR

e
=)

12

o e T
e e S
L e
S W

S
T

il " Tallaliall "
T T

R L T R
R Tk B e
......-.............-.:..r......:. |

{l"
2

[
'
_l.i;'r".rl:

k)]
....|r...,_.,....._..........,..,____._...

[t
A
't

I| .Lféfﬂifﬁ%fﬁ”ff”’
. L LR LY et
ﬁlﬁ.m e T e Ty T A llr-r.-..l-.-l =

o Ty T T R AT L

e T
. bt e ..&M e e ............._ﬂ.._. e
e o
e o

-
A .ﬁ.@ﬁmﬂ o

At -l i
et h - Cuae Ty iy T T
Pl

.
P

g )
TERRRENT

iy ey
ok Tnfeltetalatntghh bkl Wik
oy k)

-.H.L.s..n......
;.ﬁ.mafﬁr...............
e
ot e o = "

N

e T R TR -r.-rﬁjl.r. L

R NN LN N N N U L LN -..-.-
e e L LY Iy

= . - L -
e ] =i et Tannaws i
' X H i e ....-#f

sl .I_,.I
; Iﬂl- ﬁ“ﬂff .J hh J.r.f.[ N
45 .ﬁ.ﬁ,

T ......._...}n 5 .
T Ry e R
......J.-.l.-...H..h-.......HH._...-uuH._...;f H”u... .,_r.. n ﬁ "y
ItﬂlelFlle.lelF.}llI”.HHH” L., m L] P!

TR

by BBty Bkt

-
ST et .rn._. PR W.... A

.__ q............ﬂ...n..... ._..._._..."_......__.._...._,_...
ﬁ..i......%?ﬁu.ﬁ..x:
1._r. ...Jr. .rr..u.. H.f....u...r........u..............:ﬂ..;
] l-” hhh J.J.afﬁ.f.{.fdr.{.{
..... f# by - ek o
AR
" - ' =y RN
e T O L K .....r.M..rrM n.rﬂ...u....u,....hr Tohmans
...,.r. = u--.r..uu.ff .,.
a

e R K o
S R L L R T e L

ey SRR TR T Ry L e e e
e e .._.ﬂ.

B Y
o

-.J...—-..—..I..J.-Jr.f.-. R R AR

R
Bduslh el et oy ety
SRR
.....‘-,“.._.:.-.- ..n... L
SR
e R
e
R T AR AR A
e e )

T

-
[ d |
]

_
:
3
k]
b

- .
R
L

w1l oL
F. ._.I-_u.-.m.-l._lF i B By
e
T gt e T

s
X

Y
NN T T L
WL R o e

: . k L, S k] )
. A . Nk e ] u.rr fr.frrﬁrﬁﬂ....r .I.. LR ....,...................................f...... N
e : R f%; SRR ﬁuﬁuaﬁmﬁ
]
A nm....._.._.._

R

e, ; X
Ty T Ty 5 -.._..-...._ L ] .r-._._._ '

T N R e e .FHIFJPJPJPI .}..”Jf.-.
.u.. ..Hrrr.r_..r ...#.-.uun}:..ﬁ...n.ﬂf.r e
R R 3
f.lf okl |FHF.¢P.¢P.-P.¢P.-PJ|JI IF.crl.cr.Jl.f. J._JI
IJ.?IF.?lFlF.fJIﬁJI‘—.}J}H.’Jl
e AL R e e

= P
Y L]
i:uwf—

b

o .-r.-rﬁur.—r.-. le.f.-r.-r.-r.-. Tyt ...-._J.-.
ﬁﬂﬂﬂ; A A A
l.l-.
.—-

. N W e
_-...M--n... T 3y AL oy o " "
LR R Urrﬂur...h. 2 .r....fﬁf.f.rffxff.rr.rxr.ur._.frr.r

"y
Wy
]

R NR TR

My i A R L
i S

nYy
e R

T R T T Ry
L S 0

! 2, o
e LR R L T 1
R s N
3 R o T me e m N e
e
S e e
r

g,
e

R MR e Y
alan e
R e
)

¥

"
[

ﬁmwﬁﬂnﬁ. ety

e L ....r-..u.,...ﬂ....&....

. - . Pl
el e e o

N )

r

= = . _

(A) abejjoA uonenjoy

0.00

140 160 180 200

100 120

20 40 60 80

-80 -60 -40 -20 O

~-100

Time (us)

FIG. 9B



U.S. Patent Jan. 29, 2013 Sheet 11 of 11 US 8,362,376 B2

24 26 26 24 26

7 =TS p .. SSSP T =

DA

1100~ |

u’m \vararaera \ " "ﬂ"' \“‘\""""”" “\".!i‘.'!n

22
30 24 26 32 /// ///
< S e g P AN NN NN SN

NN N \
WAVawayi L ! VA AVardaya \ ’ T "" “\"-.\“ VAV AV A AVEAAY AN AN EAA \‘\

36 I
20 24 26 4 7//7ﬁ I///
N NS L T N [ NN S

"" N® "', m "" NN A A A A A A A A \“Sﬁ\.

oo \\\\\\\\\\\\\\\\\\\\\\\\\\\\

FIG. 10




US 8,362,376 B2

1

ELECTROSTATICALLY DRIVEN HIGH
SPEED MICRO DROPLET SWITCH

REFERENCE TO RELATED APPLICATTONS

This Application 1s a U.S. National Stage filing under 35
U.S.C. §371 of International Application No. PCT/US2008/
051094, filed Jan. 15, 2008, which claims priornty of U.S.
Provisional Patent Application No. 60/885,826 filed on Jan.
19, 20077. The contents of the aforementioned applications are
incorporated by reference as 11 set forth fully herein. Priority

to the aforementioned application 1s hereby expressly
claimed 1 accordance with 35 U.S.C. §§119, 120, 365 and
3’71 and any other applicable statutes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND DEVELOPMEN'T

This invention was made with Government support under
Grant No. N66001-05-1-8908 and N66001-07-01-2027

awarded by the Department of the Navy. The Government has
certain rights 1n this mvention.

FIELD OF THE INVENTION

The field of the mmvention generally relates to micro
switches and in particular micromechanical switches. More
particularly, the field of the invention relates to micro liquid-
metal switches.

BACKGROUND OF THE INVENTION

Conventional semiconductor transistors are well known in
their ability to provide high speed switching capability 1n a
relatively mnexpensive and small size. Conventional semicon-
ductor-based transistors do, however, suffer from various
problems that are not present in mechanical microswitches.
Mechanical switches, moreover, include many promising
properties that semiconductor transistors lack. For example,
micromechanical switches can be built to have a very high
“off” resistance and a low “on” resistance resulting in lower
loss and less power dissipation. This feature 1s particularly
advantageous because certain applications (e.g., radio ire-
quency applications) require higher electrical 1solation
between components. Another advantage offered by
mechanical switches 1s that they are more linear and stable
with respect to a wide variety of operating conditions such as
voltage, current, temperature, pressure, and radiation.

Various micro-electrical-mechanical (MEMS) switches
have been proposed and developed for switching applica-
tions. Despite the variations 1n detailed designs and actuation
methods, almost all the MEMS-based microswitches utilize
microscale beam structures. These types of microswitches
operate with solid-to-solid contact between elements, sharing
many typical problems of macroscale mechanical switches
such as surface degradation (leading to an increase in the
contact resistance) and signal bounce effects during switch
actuation.

The use of conductive droplet systems has been proposed
to overcome these limitations, liquid metals being the droplet
material for most applications. In these systems, a metallic
droplet such as mercury 1s physically moved by typically an
clectrical actuation toward a contact element in a
microswitch. The droplet systems generally offer low contact
resistance, linear responses, and long lifetimes. Unfortu-
nately, existing droplet-based microswitches have limited
application because of the slower switching speeds. An

10

15

20

25

30

35

40

45

50

55

60

65

2

important aspect of the switching speed 1s switch latency,
referring to the amount of time that elapses between actuation
of the switch and the closing of the switch. In the case of
droplet microswitches, the closing 1s effectuated by droplet
movement. Consequently, their latency tends to be larger
(slower) than that of the solid beam-based micro switches and
much slower than that of semiconductor switches. In these
metallic droplet systems, the lowest reported latency period 1s
on the order of 1 millisecond. See e.g., W. Shen et al., Elec-
trostatically Actuated Metal-Droplet Microswitches Inte-
grated on CMOS Chip, J. MEMS, Vol. 14, No. 4, August
2006, pp. 879-889. There thus 1s a need for metal-droplet
microswitches that have faster switching rates. For example,
switching rates at or below around 100 us (micro seconds)
would enable microswitches to be used 1n many more appli-
cations such as, for instance, RF switches and dynamic dis-
plays. Such switches would have high performance charac-
teristics of, for mstance, high durability, low resistance, no
signal bounce, 1n addition to the high speed switching capa-
bility that has heretofore been unrealized 1n existing metal-
droplet switches.

SUMMARY OF THE INVENTION

The speed at which a given micro droplet switch can oper-
ate 1s a function of several parameters including the speed at
which the droplet travels and the distance it must travel before
making contact with a signal electrode (e.g., to close the
switch). While the known practice 1s to move the droplet, or
move the center of mass of the droplet to express exactly,
toward the signal electrode, the present mvention keeps the
droplet substantially stationary and instead moves (i.e.,
spreads) only the droplet contact line toward the signal elec-
trode. As used herein, the droplet contact line refers to the
peripheral interface between the droplet used in the
microswitch and the substrate on which the droplet 1s placed.
To accommodate the new type of micro droplet switch dis-
closed herein, the speed at which a given micro droplet switch
can operate 1s a function of several parameters including the
speed at which the droplet contact line can travel as well as the
distance the contact line must travel before making contact
with a signal electrode.

In order to achieve high speed movement of the contact
line, a large actuation force may be used to a certain degree,
alter which 1t 1s limited by other fundamental complications
as well as practical design challenges. In order to achieve
small distance to travel, the droplet contact line should be
placed as close as possible to the signal electrode reliably.
Unfortunately, the droplet cannot be formed, deposited, or
defined by standard photolithographic semiconductor fabri-
cation techniques, forcing one to use much larger switching
gaps. The challenges of placing the droplet contact line on an
exact location originate from the difficulties in: (1) accurately
positioning the droplet on the switch, (2) depositing a droplet
with an accurate volume or size, and (3) positioning and
keeping the contact line on the exact location against physical
disturbances and surface conditions. For example, consider-
ing (1) and (2) above, conventional droplet deposition tech-
niques are problematic because 1t 1s difficult, 11 not 1mpos-
sible, to deposit the correct volume of droplet material on the
precise location, when compared with the sub-micrometer
accuracies the lithographic techniques allows for the rest of
features on the microdevice. If too much droplet material 1s
deposited, even on the exact location on the switch, the actua-
tion gap (the distance to travel for the droplet contact line)
may narrow too much or be madvertently closed without




US 8,362,376 B2

3

actuation. Overall, there 1s a need to maintain a substantially
constant actuation gap between the contact line of the droplet
and the signal electrode.

The micro droplet switch described herein solves the
above-identified deficiencies by providing a frame structure
that places the droplet on a location accurately defined by the
frame fabrication method. After the droplet placement, the
frame further restricts unwanted free motion of the droplet on
the surface of the micro switch. In this regard, during opera-
tion of the microswitch, the droplet remains 1n substantially
the same location—there 1s no bulk or translational move-
ment of the entire droplet as 1n other micro droplet switch
devices. The frame structure 1s also designed, in one aspect of
the mvention, to produce a bulfering meniscus in the non-
active portion of the droplet. The butfering meniscus 1s able to
butiler variations in the volume of the droplet that 1s apphed to
the micro droplet switch. In this regard, the bullering menis-
cus accepts the excess or deficiency in fluid volume so as to
leave the active meniscus substantially unmodified. In one
aspect of the invention, the buffering meniscus 1s formed by a
frame that has a larger opening or aperture at one end while a
smaller opening or aperture at the other end. The smaller
opening 1n the frame 1s used to create the active meniscus
while the larger opening 1n the frame 1s used to create the
buifering meniscus. As a result, the buifering meniscus facili-
tates the maintenance of the tight tolerance required for the
actuation gap between the active meniscus of the droplet and
the signal electrode. This length of the actuation gap 1s also
maintained over many cycles of switching, thus giving
repeatable control over operation of the device.

By using the spreading of the droplet contact line rather
than the movement of the entire body of the droplet, a switch-
ing can be completed fast. In addition, the small operation
distance permits very high switching frequencies. For
example, as explained herein, switching latencies of around
50 us may be obtained with the microswitch described herein
which 1s some 20x faster than other liquid metal droplet
switches. See e.g., W. Shen et al., Electrostatically Actuated
Metal-Droplet Microswitches Integrated on CMOS Chip, J.
MEMS, Vol. 14, No. 4, August 2006, pp. 879-889 (switching
latency on the order of 1 mullisecond). Moreover, the
microswitch described herein 1s rugged and provides a high
degree of stability against shock and vibrations (~16 G).

In one embodiment, a micro droplet switch includes a
substrate having an upper surface containing a contact elec-
trode and a separate signal electrode. For example, the contact
clectrode may comprise an iput electrode while the signal
clectrode may comprise an output electrode. In one aspect the
contact electrode may include one of a plurality of signal
clectrodes. For example, the switch may be closed by the
droplet contacting two signal electrodes, one of which 1s the
contact electrode. As explained below, the switch 1s closed
when the droplet electrically connects the contact electrode to
the signal electrode. In one aspect of the invention, the droplet
may always be 1n contact with the contact electrode and 1s
selectively engaged with the signal electrode. The micro
droplet switch includes at least one actuation electrode dis-
posed beneath the upper surface of the substrate. The at least
one actuation electrode 1s coupled to the drive circuitry for
applying a voltage to the actuation electrode. Typically, the at
least one actuation electrode 1s located within or below or
layer of dielectric material forming the substrate. The upper
surface of the substrate (with the exception of the contact
clectrode and the signal electrode) may be coated with an
insulative, hydrophobic coating such as polytetrafluoroethyl-
ene (PTFE). The micro droplet switch includes a frame that 1s
disposed on or above the surface of the substrate and 1is
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configured to hold a droplet in substantially the same location
during actuation of the switch. In this regard, the frame
restricts unwanted free motion of the droplet.

The droplet 1s a conductive liquid and may be made of a
liquid metal such as, for instance, mercury. When placed on
the upper surface of the substrate, the interface between the
droplet and the surface forms a contact line. This contact line
moves 1n response to actuation of the at least one actuation

clectrode based on known -electrowetting-on-dielectric
(EWOD) principles. Generally, in EWOD-based devices, the
liquid droplet spreads by modification of the surface tension
in response to electrostatic charges induced at the liquid-
metal interface ol the droplet. When the activation electrode 1s
not activated, the shape of the droplet is restored. While other
liquid droplet based devices have relied on EWOD actuation
for the bulk movement of droplets, the present micro droplet
switch does not rely on the bulk or translational movement of
the entire droplet to effectuate switching between a contact
clectrode and the signal electrode. As explained herein, the
use of the frame maintains the droplet in substantially the
same location during actuation of the switch.

The frame may be disposed at a predetermined location
relative to the signal electrode. In this regard, the switching
gap between the contact line of the droplet and the signal drop
may be controlled by the design of the frame. The frame may
be manufactured using conventional lithographic processes
used in the fabrication of semiconductor features. The frame
ensures that a substantially constant gap 1s formed between
the contact line of the droplet (1n the non-actuated state) and
the signal electrode. This gap may be a distance of less than
100 um or even less than 5-20 um.

The frame may include multiple openings having different
s1zes 1n order to form a buflering memscus. In this embodi-
ment, the frame includes a first opening that contains or 1s
adjacent to the active meniscus of the droplet. This 1s the
portion of the droplet that undergoes movement to complete
the electrical connection between the contact electrode and
the signal electrode. The frame also includes a second open-
ing that contains or 1s adjacent to the non-active meniscus of
the droplet. This second epemng 1s larger than the first open-
ing and creates a bul ermg meniscus. The radius of curvature
of the active meniscus 1s smaller than the radius of curvature
of the buifering meniscus which results 1n the advantageous
property that variations in the volume of the droplet are
absorbed 1n the butlering meniscus. To wit, 1f too much or too
little droplet material 1s deposited on the switch, the buifering
menmiscus adjusts accordingly, leaving the active meniscus
substantially unatlected.

The switch may have multiple signal electrodes which may
permit the switch to carry higher currents. In addition, in yet
another alternative aspect of the mvention, the switch may
include one or more heating elements, which may be disposed
beneath the upper surface of the substrate. The one or more
heating elements may be configured to heat the substrate to
remove charges that may have developed i the dielectric
layer. The same or additional heating elements may also be
used to heat the device during operation so that some metals
that are not 1n a liquid state at room temperature (e.g., gal-
lium) can be used. The heating elements may operate by
resistive heating.

In another aspect of the invention, the signal electrode may
include a plurality of resistive elements, wherein each resis-
tive element 1s selectively engaged by the moving contact line
during switch actuation. In this regard, the micro droplet
switch may be made to have a stepped increase (or decrease)
of resistance to reduce arcing when switching inductive
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loads. This aspect has particular applications when the micro
droplet switch 1s used 1n “hot switching™ inductive loads 1n
RF switching applications.

The micro droplet switch described herein advantageously
has fast switching times, for example, an “on latency” of less
than about 50 us. In addition, the switch has a rapid rise/fall
time, for instance, less than about 5 us. Further, these micro
droplet switches do not suffer from signal bounce effects that
may be found 1n other MEMS switches (e.g., beam switches).
Finally, the use of the constraining frame structure makes
these micro droplet switches particularly rugged and durable.
For example, the micro droplet switches may exhibit vibra-
tional stability of about to ~16 G.

In another embodiment of the invention, a switch is pro-
vided that includes two droplets contained within two frames.
In this design the substrate i1s configured as a coplanar
waveguide having a first ground portion, a signal portion, and
a second ground portion (GSG design) in which the first and
second ground portions include respective ground electrodes.
The signal portion 1s operatively coupled to first and second
signal electrodes. A first actuation electrode 1s disposed
beneath the upper surface of the substrate adjacent to the first
ground portion (e.g., the actuation electrode may be disposed
beneath the upper surface of the substrate and in between the
first ground electrode and the first signal electrode), the first
actuation electrode being operatively coupled to drive cir-
cuitry. A second actuation electrode 1s disposed beneath the
upper suriace of the substrate adjacent to the second ground
portion (e.g. the second actuation electrode may be disposed
beneath the upper surface of the substrate and in between the
second ground electrode and the second signal electrode), the
second actuation electrode also being operatively coupled to
drive circuitry. A first frame 1s disposed on or above an upper
surface of the substrate and configured to hold a first droplet
in substantially the same location over the first ground por-
tion. A second frame 1s disposed on or above an upper surface
of the substrate and configured to hold a first droplet in sub-

stantially the same location over the second ground portion.
Actuation of the first and second actuation electrodes electri-
cally connects the first droplet with the first signal electrode
and electrically connects the second droplet with the second
signal electrode. This two-droplet embodiment 1s advanta-
geous because 1t eliminates signal leakage problems that
appear 1n a single-droplet design for RF applications. This
configuration 1s a shunt switch for RF applications.

In one aspect of the embodiment described immediately
above, the first and second frames may have different sized
openings to create the active meniscus and the bulfering
meniscus as described herein. For mstance, the openings or
apertures 1n the frame portions that define or are adjacent to
the active meniscuses of the droplets are smaller than the
openings or apertures 1n the frame portions that define or are
adjacent to the buffering meniscuses of the droplets.

In still another aspect of the invention, a method of switch-
ing includes providing a micro droplet switch that includes a
substrate having an upper surface containing a contact elec-
trode and a separate signal electrode. The micro droplet
switch includes at least one actuation electrode disposed
beneath the upper surface of the substrate and operatively
coupled to drive circuitry for applying a voltage. The micro
droplet switch further includes a frame disposed on or above
the upper surface of the substrate that 1s configured to hold a
droplet, the droplet being 1n electrical contact with the contact
clectrode. The at least one actuation electrode 1s activated by
applying a voltage to move a contact line of the droplet
tormed with the substrate surface in electrical contact with the
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signal electrode, wherein the droplet remains 1n substantially
the same location during actuation of switch.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a cross-sectional view of a micro droplet switch
according to one embodiment. FIG. 1A illustrates the
microswitch 1n an “oif” state.

FIG. 1B 1s a cross-sectional view of a micro droplet switch
according to one embodiment. FIG. 1B illustrates the
microswitch in an “on” state.

FIG. 2A illustrates a top down plan view of a micro droplet
switch according to another embodiment. FIG. 2A illustrates
the microswitch 1n an “off” state.

FIG. 2B illustrates a top down plan view of a micro droplet
switch according to another embodiment. FIG. 2A 1illustrates
the microswitch 1n an “on” state.

FIG. 3A illustrates a top down plan view of a micro droplet
switch according to another embodiment. Drive circuitry 1s
also illustrated.

FIG. 3B 1llustrates a side view of the micro droplet switch
of FI1G. 3A with the frames omitted for clarity purposes.

FIG. 3C illustrates a three-dimensional perspective view of
the micro droplet switch of FIGS. 3A and 3B with a droplet
contained within the switch.

FIG. 4A 1llustrates a top down plan view of a micro droplet
switch according to another embodiment. This embodiment
uses two droplets located on a coplanar waveguide.

FIG. 4B illustrates a three-dimensional perspective view of
the micro droplet switch of FIG. 4A.

FI1G. 4C 1llustrates a magnified view of the signal electrode
from a portion of the micro droplet switch of FIG. 4B.

FIG. 4D 1llustrates a three-dimensional perspective view of
the micro droplet switch of FIG. 4A containing two liquid
droplets.

FIG. 5A illustrates a top down plan view of a micro droplet
switch according to another embodiment.

FIG. 5B illustrates a magnified view of the dashed region .
illustrated 1n FIG. SA showing the plurality of resistive ele-
ments.

FIG. 6A 1illustrates a schematic representation of the elec-
trical contact made between the liquid droplet and the signal
clectrode when the droplet contact line 1s located at position
“A” m FIG. 5B.

FIG. 6B illustrates a schematic representation of the elec-
trical contact made between the liquid droplet and the signal
clectrode when the droplet contact line 1s located at position
“B” 1in FIG. 5B.

FIG. 6C illustrates a schematic representation of the elec-
trical contact made between the liquid droplet and the signal
clectrode when the droplet contact line 1s located at position
“C”1n FIG. 5B.

FIG. 7 1llustrates a top down plan view of a micro droplet
switch according to another embodiment. In this embodi-
ment, a heater element 1s disposed under the upper surface of
substrate that 1s configured to heat the dielectric layer.

FIG. 8 1s a graph of the contact angle and distance moved
as a function of time for two different actuation voltages (75V
and 100V).

FIG. 9A 1s a graph of the actuation voltage (V) and signal
voltage (V) as a function of time for a micro droplet switch.
The on latency 1s around 60 us and the off latency 1s around
150 us.

FIG. 9B 1s another graph of the actuation voltage (V) and
signal voltage (V) as a function of time for a micro droplet
switch. FIG. 9B illustrates a rise/fall time of less than 5 us
with no bounce 1n signal.
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FI1G. 10 illustrates an 1llustrative method of making a micro
droplet switch according to one aspect of the mvention.

DETAILED DESCRIPTION OF TH
ILLUSTRATED EMBODIMENTS

L1

FIGS. 1A and 1B illustrate a cross-sectional view of a
micro droplet switch 10 according to one embodiment. In
FIG. 1A, the micro droplet switch 10 1s 1n an “off” state while
FIG. 1B 1illustrates the micro droplet switch 10 1n an “on”
state. The micro droplet switch 10 includes a substrate 12
having an upper surface 14 on which a liquid droplet 16 rests.
The micro droplet switch 10 further contains a frame 18 that
disposed on or over the upper surface 14 of the substrate 12.
As explained herein, the frame 18 maintains the liquid droplet
16 1n substantially the same location during actuation of the
micro droplet switch 10. A cap 20 1s also illustrated 1n FIG.
1A which 1s secured to the upper portion of the frame 18. The
micro droplet switch 10 may 1nclude one or more additional
side walls or the like (not shown) that are located external to
the frame to further contain the liquid droplet 16 1n a closed
environment.

In one embodiment, the substrate 12 1s a multilayer sub-
strate that includes a base layer 22 that may be formed from,
for example, silicon or glass. A dielectric layer 24 1s formed
above the base layer 22 and includes one or more actuation
clectrodes 26. The dielectric layer 24 may include a dielectric
material such as S10, or S1;N,. The one or more actuation
clectrodes 26 may be formed from electrical conductive
materials such as metals. For example, the one or more actua-
tion electrodes 26 may be formed from chromium or nickel.
The one or more actuation electrodes 26 are operatively
coupled to drive circuitry (now shown i FIGS. 1A and 1B)
which 1s configured to apply a driving voltage. The driving,
voltage 1s a rapid increase (or decrease) in voltage that 1s
applied to the one or more actuation electrodes 26. The driv-
ing voltage 1s generally below 200V but the invention 1s not
limited to the magnitude of the particular driving voltage.

Still referring to FIGS. 1A and 1B, the upper surface 14 of
the substrate 12 includes a contact electrode 30 and a signal
clectrode 32. The contact electrode 30 and the signal elec-
trode 32 carry the respective signal that 1s to be switched “on”
or “oif” by the micro droplet switch 10. For instance, while
not shown 1n FIGS. 1A and 1B, the contact electrode 30 may
be electrically coupled to an input while the signal electrode
32 may be electrically coupled to an output. The signal thatis
modulated by the micro droplet switch 10 may include direct
current, alternating current, RF power, etc. In one aspect of
the invention, the contact electrode 30 may actually be one of
a plurality of signal electrodes 32. For example, the switch 10
may be closed when the droplet 16 contacts two signal elec-
trodes 32, one of which 1s referred to as the contact electrode
32 because the droplet 16 1s in constant contact during opera-
tion of the switch 10. The contact electrode 30 and the signal
clectrode 32 may be made from an electrically conductive
material such as, for instance, chromium or nickel although
other materials are also contemplated to fall within the scope
of the invention. Both the contact electrode 30 and the signal
clectrode 32 include at least a portion thereof that 1s exposed
to the interior of the micro droplet switch 10. In this regard,
the liquad droplet 16 makes electrical contact with the respec-
tive contact electrode 30 and signal electrode 32 when contact
1s made.

The upper surface 14 (except for the contact electrode 30
and signal electrode 32) may be coated with a hydrophobic
coating 36 such as polytetrafluoroethylene (PTFE). The coat-
ing 36 reduces Iriction between the liquid droplet 16 and the
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upper surface 14 of the substrate 20. In another aspect of the
invention, the upper surface 14 of the substrate 12 may be
optionally patterned to reduce the surface tension formed
between the liquid droplet 16 and the upper surface 14 which
may aid 1n increasing the switching speed of the micro droplet
switch 10.

The micro droplet switch 10 includes frame 18 that 1s
disposed on or above the upper surface 14 of the substrate 12.
In this aspect, the frame 18 1s formed on or 1s otherwise built
up or bonded to the substrate 12. However, it 1s also possible
that the frame 18 1s formed as part of or 1s connected to the
upper cap 20 of the micro droplet switch 10. The frame 18
may be made of a number of matenials typically used in
semiconductor or microfluidic applications such as, for
instance, photoresist such as SU-8. As explained herein, the
frame 18 1s used to restrict free movement of the liquid droplet
16 on the upper surface 14 of the substrate 12. The frame 18
may include a plurality of walls or posts that are formed to
constrain translational movement of the liquid droplet 16.
While the frame 18 i1s used to constrain displacement or
translation of the entire liquid droplet 16, 1n some embodi-
ments, the frame 18 1s used to define both an active meniscus
40 and a non-active meniscus 42.

The active meniscus 40 1s the portion of the meniscus of the
liquid droplet 16 that 1s moved by the actuation electrode(s)
26 to complete the circuit between the contact electrode 30
and the signal electrode 32 upon actuation of the micro drop-
let switch 10. The non-active meniscus 42 1s the portion of the
meniscus of the liquid droplet 16 that 1s not moved by the by
the actuation electrode(s) 26 during switch operation. The
active meniscus 40 and the non-active meniscus 42 are
defined by a number of openings or apertures 44 in the frame
18 (1llustrated 1n FIGS. 2A and 2B). FIGS. 2A and 2B 1llus-
trate an aperture 44q which forms the active meniscus 40 and
aperture 445 which forms the non-active meniscus 42. As
explained in more detail below, the non-active meniscus 42
may act as a bulfering meniscus that compensates for varia-
tions 1n the volume of the liquid droplet 16 that 1s placed on
the micro droplet switch 10.

The liquid droplet 16 1s formed from an electrically con-
ductive material such that when the liquid droplet 16 contacts
both the contact electrode 30 and the signal electrode 32, the
micro droplet switch 10 1s closed and signal can pass from the
contact electrode 30 through the liquid droplet 16 and 1nto the
signal electrode 32 (or vice versa as the case may be). In one
aspect of the mnvention, the liquad droplet 16 includes a liquid
metal such as mercury although other metals and alloys may
also be used. As seen 1n the embodiment of FIGS. 1A and 1B,
in both the “off” and “on” states, the liquid droplet 16 makes
clectrical contact with the contact electrode 30. To close the
micro droplet switch 10 only the active meniscus 40 needs to
be moved a relatively short distance to make electrically
contact. The liquid droplet 16 may be surrounded by dielec-
tric fluid 48 that 1s immuiscible with the liquid droplet 16. This
fluid 48 may be a liquid or a gas (e.g., o1l or air).

As seen 1 FIG. 1A, 1n the “off” state, a relatively small
actuation gap 50 1s formed between the contact line 52 of the
liquid droplet 16 and the signal electrode 32. The contact line
52 refers to the peripheral interface between the liquid droplet
16 and the upper surface 14 of the substrate 12. In one aspect
of the mnvention, the actuation gap 50 1s less than around 100
um 1n length, and 1n some 1nstances, as small as about 10 um
in length. In addition, the actuation gap 50 preferably is stable
in that over many cycles of the micro droplet switch 10 the
actuation gap 50 remains substantially constant in the “off”
state.
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FIG. 1B 1illustrates the micro droplet switch 10 1n the “on”
state after an actuating voltage has been applied to the under-
lying actuation electrode 26 located on the right hand side of
FIG. 1B. Actuation of the electrode 26 causes the active
meniscus 40 and thus the contact line 52 to move to the right
until the liquid droplet 16 comes 1nto physical contact with
the signal electrode 32. The switch 1s turned back to the “off™
state by de-energizing the electrode 26. When the electrode
26 1s not powered, the liquid droplet will naturally revert back
to the state 1llustrated in FIG. 1A. The switching process can,
of course, continue as explained above for any number of
additional cycles. The left most actuation electrode 26 1s
optional and may be used to assist in pulling the liquid droplet
16 back into its resting state. For example, 1n some micro
droplet switches 10 the “off latency™ or the amount of time
needed to open the switch after de-energizing the actuation
clectrode 26 (right hand side one in FIGS. 1A and 1B) 1s
longer than the “on latency” or the amount of time needed to
close the switch after energizing the actuation electrode 26. In
order to reduce the “off latency” time, an actuation electrode
26 may be activated to assist the liquid droplet 16 to return
back to the resting state illustrated in FIG. 1A.

FIGS. 2A and 2B illustrate another embodiment of a micro
droplet switch 10. FIG. 2A illustrates the micro droplet
switch 10 1n an “off” state while FIG. 2B 1llustrates the micro
droplet switch 10 1n an “on” state. As seen 1n FIGS. 2A and
2B, the frame 18 1s formed with two different sized openings
d4a, 44b. The smaller of the two openings 44a forms the
active meniscus 40 while the larger aperture 445 located on
the opposing side of the frame 18 forms the non-active menis-
cus 42 which acts as a bulfering meniscus. As seen 1n FIGS.
2A and 2B, the liquid droplet 16 1s constrained within the
frame 18 thereby preventing free movement of the liqud
droplet during activation of the micro droplet switch 10.

Referring now to FIG. 2A, an actuation gap 50 1s formed
between the active meniscus 40 (or contact line 52) and the
signal electrode 32. This actuation gap 50 is substantially
constant when the micro droplet switch 10 1s 1n the “off” state
as 1llustrated in FIG. 2A. The substantially constant actuation
gap 50 1s also maintained by the use of the but. ermg meniscus
42. The radius of curvature of the active meniscus 40 1s
smaller than the radius of curvature at the buffering meniscus
42. The builering meniscus 42 has the advantageous property
that 1t can adjust for changes 1n volumes of the liquid droplet
16 that 1s applied to the micro droplet switch 10. For example,
if too much or too little droplet material 1s deposited, the
excess or shortage of material will be accommodated by
changes 1n the bulfering meniscus 42 which will not atfect the
active meniscus 40. In this regard, even i1f too much (or too
little) material for the liquid droplet 16 1s deposited, the
actuation gap 50 remains constant. This 1s significant because
with prior switch designs i1t was difficult to accurately deposit
the correct amount of droplet material 1n the switch. Also, as
seen 1n FIGS. 2A and 2B, accurate positioning of the liquad
droplet 16 1s achieved by the constrained configuration that
holds the liguid droplet 16 in the proper location relative to the
contact electrode 30 and signal electrode 32.

FIGS. 2A & 2B also illustrate a second optional actuation
clectrode 28 that, as explained above, may be used to reduce
the off latency of the micro droplet switch 10. The second
actuation electrode 28 may be activated after the main actua-
tion electrode 26 has been de-energized so that the liquid
droplet 16 can more rapidly return to the state illustrated 1n
FI1G. 2B. Of course, the second actuation electrode 28 1s
optional and may be omitted entirely. FIGS. 2A and 2B also
illustrate the drive circuitry 56 that 1s used to apply a driving
voltage to the actuation electrode 26. In some instances the
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actuation voltage applied by the drive circuitry 56 may be a
positive voltage while in other instances 1t may be a negative

voltage.

FIGS. 3A, 3B, and 3C 1illustrate another embodiment of a
micro droplet switch 10. Referring to FIG. 3A, which 1llus-
trates a top-down plan view, the micro droplet switch 10
includes four posts or pillar structures that makeup the frame
18. The frame 18 in this embodiment i1s substantially sym-
metrical and there are no different s1zed openings although in
other alternative embodiments the frame 18 may utilize dii-
ferent s1zed openings as described above to take advantage of
the buffering meniscus. Still referring to FIG. 3A, the micro
droplet switch 10 includes three signal electrodes 32a, 325,
32c¢ positioned about the periphery of the switch 10. Multiple
signal electrodes 32a, 325, 32¢ may be particularly usetul for
switching relatively large currents. In addition, as seen 1n
FIG. 3 A, the three signal electrodes 32a, 325, 32¢ terminate 1n
a pointed tip. In this embodiment, the actuation electrode 26
1s made from a circular electrode that 1s disposed 1nside the
dielectric layer 24 (e.g., S1,N ) disposed above base layer 22.
The contact electrode 30 1n this embodiment 1s disposed on
the upper surface 14 of the substrate 12 1n a circular shape and

acts as a ground electrode. In some instances, the ground
clectrode 30 may be disposed beneath the upper surface 14 of
the substrate 12. As seen 1n FIGS. 3A and 3B, the drive
circuitry 56 couples the actuation electrode 26 with the con-
tact electrode 30.

FIG. 3B illustrates a cross-sectional view of the micro
droplet switch of FIG. 3A taken along the line A-A' (with
frames removed for clarity purposes). A first liquid droplet
16a 1s 1llustrated 1in the quiescent or “ofl” state while a second
liquid droplet 165 1s 1llustrated 1n the “on” state. As seen 1n
FIG. 3B, in the “off” state the liquid droplet 164 only contacts
the contact electrode 30 (e.g., ground electrode). This can be
seen by the contact line 52 which does not touch any of the
signal electrodes 32a, 325, 32¢. However, when the underly-
ing actuation electrode 26 1s activated, the contact line 52 of
the liquid droplet 16 expands outward until the liquid droplet
166 makes electrical contact with the signal electrodes 32.
Preferably, the configuration of the multiple signal electrodes
32a, 32b, 32¢ 1s such that contact 1s made at substantially the
same time. As also seen 1n FIG. 3B, with the exception of the
contact electrode 30 and the signal electrodes 32a, 325, 32c,
the upper surface 14 of the substrate 12 contains a coating 36
of PTFE or the like. FIG. 3C illustrates a three dimensional
image ol the micro droplet switch 10 of FIGS. 3A and 3B.

In the micro droplet switch 10 of FIGS. 3A-3C, the high
surface tension of the liquid droplet 16 ensures that the same
1s accurate positioned and enables small actuation gaps 50.
For a given volume of droplet fluid, any variation 1n the base
radius (contact line 52 position) due to hysteresis 15 accom-
panied by a change in the spherical radius of the liquid droplet
16. However, the frame 18 restricts the change 1n the spherical
radius of the ligmid droplet 16. Thus, any variation in the
contact line 52 position due to hysteresis can only be possible
through a variation in the local curvature. The variation in the
local curvature gives rise to a restoring Laplace pressure
which resists the change in the position of the contact line 52.

The above-described micro droplet switch 10 1s able to be
implemented in so-called “hot switch™ applications where the
signal between the contact electrode 30 and the signal elec-
trode 32 remains on during the switching application. This 1s
particularly advantageous for RF applications. The micro
droplet switch 10 also exhibits excellent durability and sta-
bility. Because the liquid droplet 16 1s securely contained
within the micro droplet switch 10 via the frames 18, vibra-
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tion stability up to about 16 G 1s possible. Of course, other
switch designs can exhibit even better stability.

FIGS. 4A, 4B, and 4C illustrate another embodiment of a
micro droplet switch 60 that includes first and second droplets
61a, 61b. In this embodiment, a substrate 62 1s configured as
a coplanar waveguide having a first ground portion 64, a
second ground portion 66, and a signal portion 68 interposed
between the first and second ground portions 64, 66. The
coplanar waveguide thus configured as a standard GSG
coplanar waveguide. The first ground portion 64 includes a
ground electrode 70 disposed on a surface thereof In a similar
manner, the second ground portion 66 includes a ground
clectrode 72 disposed on a surface thereof The ground elec-
trodes 70, 72 are disposed in such a manner that a liquid
droplets 61a, 615 are always 1n electrical contact with their
respective ground electrodes 70, 72. The signal portion 68 of
the coplanar waveguide substrate 62 1s operatively coupled to
a first signal electrode 74 and a second signal electrode 76. As
best seen 1n FIG. 4A, a first actuation electrode 78 1s located
beneath the upper surface 63 adjacent to the first ground
portion 64. A recessed portion may optionally be formed in
the first ground portion 64 1n which the actuation electrode 78
1s disposed. The actuation electrode 78 1s operatively coupled
to driving circuitry (not shown) configured to apply a driving,
voltage. A second actuation electrode 80 1s located beneath
the upper surface 63 adjacent to the second ground portion 66
and 1s also operatively coupled to driving circuitry (not
shown) configured to apply a driving voltage. The second
actuation electrode 80 may optionally be disposed 1n a
recessed portion formed 1n the second ground portion 66.

As best seen 1n FIGS. 4A and 4B, the micro droplet switch
60 includes two separate frames 82, 84 for holding the respec-
tive droplets 61a, 61b. The frames 82, 84 form two separate
enclosures for the droplets 61a, 61b5. The frames 82, 84 may
be formed as a series of walls patterned from a photoresist
such as SU-8. In this embodiment, frame 82 includes two
opposing openings 86a, 865 having different sizes so that an
active meniscus and a bullering meniscus can be formed 1n
the liquid droplet 61a as described herein. Stmilarly, frame 84
includes two opposing openings 88a, 885 having different
S1ZES.

FIG. 4C 1llustrates a magnified view of one of the signal
clectrodes 74 electrically coupled to the signal portion 38 of
the substrate 62. The signal electrode 74 includes a sharpened
tip although other configurations may be employed in the
micro droplet switch 60. The opposing signal electrode 76
(not magnified in FIG. 4C) 1s configured 1n a similar manner.

The micro droplet switch 60 of FIGS. 4A-4C 1s particularly
usetul as a shunt switch although the particular implementa-
tion of the switch 60 1s not limited to shunt switches. In a
shunt switch, the switch 1s open until the signal electrode 1s
clectrically coupled to the ground electrode. In the micro
droplet switch 60 described above, the switch 1s opened by
activation of the two actuation electrodes 78, 80 at substan-
tlally the same time. When the actuation electrodes 78, 80 are
driven with an actuating voltage, the active portions of the
droplets 61a, 615 are drawn toward the signal portion 68 of
the switch 60 until the droplets 61a, 615 make contact with
their respective signal electrodes 74, 76. When the droplets
61a, 615 connect the ground electrodes 70, 72 with their
respective signal electrodes 74, 76 the switch 1s open because
the signal portion 68 1s at the same potential as the ground
clectrodes 70, 72. By using the two droplet configuration, this
design solves capacitance leak that would otherwise occur
from leakage of charges from the signal line to the ground line
via the actuation electrode. In the micro droplet switch 10 of

FIGS. 4A-4C overall capacitive leakage during the “ofl” state
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1s reduced. The micro droplet switch 10 has been modeled
using commercially available finite element analysis software
(High Frequency Structure Simulator—HFSS) which simu-
lated a better than 0.2 dB insertion loss up to 40 GHz of
operation.

FIGS. SA and 5B 1llustrate another alternative aspect ol the
invention. In this embodiment, a plurality of resistive ele-
ments 92a, 926 are coupled to the signal electrode 32. The
plurality of resistive elements 92a, 926 provide a stepped
increase (or decrease 1n other cases) 1n the resistance of the
signal path between the contact electrode 30 and the signal
clectrode 32. This embodiment may be particularly usetful 1n
high power switching applications where arcing 1s a concern.
By progressively stepping the resistance to a higher level
during switch deactivation (or activation), the potential to
cause arcing 1s reduced. While FIG. 5B illustrates two restive
elements 92a, 9256, 1n other embodiments there could be a
single resistive element 92 or more than two.

FIG. 5A illustrates a switch 10 of the type illustrated 1n
FIGS. 3A and 3B although the resistive elements 92a, 925
may be used in other embodiments described herein. FIG. SA
illustrates a dashed region that encompasses the interface of a
signal electrode 32a and an upper surface 14 of the switch
substrate 12. FIG. 5B also illustrates movement of the contact
line 52 formed by a droplet as the switch 10 1s deactivated
(1.e., opened). Thus, mn FIG. 5B the droplet imitially has a
contact line 1llustrated by A, then moves to position B, and
then to position C, and then finally 1s out of contact with the
signal electrode 32a.

As seen 1n FIG. 5B, the resistive elements 92a, 9256 com-
prise a resistive path that couples to the signal electrode 32a.
The resistive element 92a, 925 may be patterned on an upper
surface 14 of the substrate 12 using conventional semicon-
ductor processes. In one embodiment, the resistance 1is
stepped up 1n an increasing fashion as the switch 1s turned off
by de-energizing the actuation electrode 26. For example,
with reference to FI1G. 5B, the contact line 52 identified as “A”
indicates a state wherein the liquid droplet 16 contacts both
resistive elements 92a, 9256, as well as the signal electrode
32a. The electrical schematic of this configuration is 1llus-
trated 1n FIG. 6A. In this configuration, the switch 1s in the
fully “on” state.

When the micro droplet switch 10 1s turned off, the liquid
droplet 16 begins to restore to its original configuration. The
contact line 52 identified 1n FIG. 5B as “B” illustrates move-
ment of the droplet away from the contact electrode 32A.
Electrically contact 1s still made to the signal electrode 32a
but at an increased resistance because of the two resistive
clements 92a, 92b6. The electrical schematic of this configu-
ration 1s illustrated 1n FIG. 6B. R2 1s open and current passes
through R1 and R3. The liquid droplet 16 continues to move
back to 1ts original configuration. The contact line 52 identi-
fied 1n FIG. 5B as “C” illustrates additional movement of the
droplet away from the contact electrode 32A. Flectrically
contact 1s made to the signal electrode 32a at an 1ncreasing
resistance by passing through resistive element 92a (but not
resistive element 925). The electrical schematic of this con-
figuration 1s illustrated 1n FIG. 6C. R1 and R2 are open and
current passes only through R3. Eventually, the liquid droplet
16 1s electrically disconnected from the signal electrode 32a
completely.

FIG. 7 illustrates another embodiment of a micro droplet
switch 10. In this embodiment, a heating element 96 1s located
underneath the upper surface 14 of the substrate 12. For
example, the heating element 96 (or multiple heating ele-
ments) may be placed between the dielectric layer 24 and the
coating layer 36 (e.g., PI'FE). The heating element 96 may be
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formed as a resistive heating element that emits heat upon the
application of electrical current. The heating element 96 1s
used to discharge the dielectric layer 24 of charges. This may
lead to longer switch life. While FIG. 7 illustrates the heating
clement 96 1n a micro droplet switch 10 of the type 1llustrated
in FIGS. 3A and 3B, the heating element 96 may be incorpo-
rated into other switch embodiments described herein.

The fast switching times of the micro droplet switches 10,
60 described herein 1s produced not only by the small actua-
tion gap 50 but also the speed of the active meniscus 40. FIG.
8 illustrates a graph of contact angle and distance moved
(active meniscus) for different actuation voltages (75V and
100V). As seen 1n the data for the distance moved, the speed
1s very rapid during the time when the contact angle 1s chang-
ing just after actuation and begins to level or taper off as time
progresses. The above-described micro droplet switches 10,
60 utilize the initial high speeds (e.g., ~40-50 cm/s) that are
generated just after actuation to close the actuation gap 30.

FIGS. 9A and 9B 1llustrate the performance characteristics
of the micro droplet switch 10 after actuation of the actuation
clectrode 26. FI1G. 9 A 1llustrates an “on latency” of around 60
us after electrode 26 actuation. It should be noted, however,
that on latency values of less than about 50 us have been
obtained using micro droplet switch configurations described
herein. This 1s approximately 20x faster than the switching
times reported by others. FIG. 9A also illustrates that there 1s
no signal bounce after the micro droplet switch 10 has been
closed. FIG. 9A also 1llustrates the “off latency” of the micro
droplet switch 10 after the actuation electrode 26 has been
turned off. The off latency 1s around 130 us. FIG. 9B illus-
trates the rise/fall time of the micro droplet switch 10 in
response to the application of the actuation voltage (100V).
As seen 1n FIG. 9B, the rise fall time 1s less than 5 us with no
bounce 1n signal.

FI1G. 10 illustrates a process of fabricating a micro droplet
switch 10. Specifically, FIG. 10 1llustrates a process of 1llus-
trating a micro droplet switch 10 of the type illustrated in
FIGS. 2A and 2B although the processes described herein
may also be used for other embodiments of the micro droplet
switches. The left side of FI1G. 10 illustrates the fabrication of
the micro droplet switch 10 along the line A-A' 1n FIG. 2A
while the right side of FIG. 10 illustrates the fabrication of the
micro droplet switch 10 along the line B-B' in FIG. 2A.
Generally, the fabrication process 1s a multi-step lithography
process 1n which the various features are built on or 1n the
substrate 12. As seen 1n operation 1000 of FI1G. 10, chromium
1s deposited ona base layer 22 (e.g., glass) using, for example,
¢-beam deposition. The deposited chromium 1s then patterned
and wet etched 1n chromium photomask etchant to form the
actuation electrodes 26. Next, 1n operation 1100 a 3500 Ang-
strom silicon nitride dielectric layer 24 1s deposited using
PECVD. The dielectric layer 24 1s then patterned and etched
using reactive 10n etching (RIE) to open the contact pads.

As seen 1n operation 1200, lift-off nickel 1s used to form the
contact electrode 30 and the signal electrode 32. Nickel 1s
used because 1t 1s one of the few metals that does not chemi-
cally react with mercury, which 1s used for the liquid droplet
16. Alternatively, chromium may be used but its surface oxi-
dation can lead to excessive contact resistance. Next, 1n
operation 1300, amulti-coat SU-8 process 1s used to form 500
um high frames 18. Because a long, continuous exposure
required to heat the relatively thick SU-8 layer causes hard-
ening of the resist due to heating, the process 1s broken up into
a series of heating/cooling steps. In particular, the total expo-
sure time was broken 1nto steps o1 30 seconds with 30 seconds
of cooling between subsequent exposures. In operation 1400
a hydrophobic coating 26 (e.g., PIFE) 1s then spin coated on
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the upper surface 14 of the substrate 20. This hydrophobic
coating 26 1s then patterned and etched using O, plasma.
While not illustrated 1 FIG. 10, a liquid droplet 16 1s then
deposited on the micro droplet switch 10. For example, the
liquid droplet 16 may include a 600 um diameter mercury
droplet that 1s placed on the micro droplet switch 10 using a
pipette or the like. A cap 20 (not shown in FIG. 10), can then
be adhered to the upper surface of the frame 18 to enclose the
liquid droplet 16.

The micro droplet switches 10, 60 described herein enable
fast mechanical-based switches. These micro droplet
switches 10, 60 may be particularly useful in RF switching,
applications such as base stations, radar devices, or even
mobile devices although the mmvention 1s not limited to any
particular application. The micro droplet switches 10, 60 may
also be particularly suited for “hot switching™ applications.

While embodiments of the present invention have been
shown and described, various modifications may be made
without departing from the scope of the present invention.
The mvention, therefore, should not be limited, except to the
following claims, and their equivalents.

What 1s claimed 1s:

1. A switch comprising:

a substrate having an upper surface containing at least one

signal electrode;

at least one actuation electrode disposed beneath the upper

surface of the substrate; the at least one actuation elec-
trode operatively coupled to drive circuitry; and

a Iframe disposed on or above the upper surface of the

substrate and configured to hold a droplet 1n substan-
tially the same location during actuation of the switch,
wherein the frame includes a first opening configured to
define a first portion of the droplet meniscus and a sec-
ond opening configured to define a second portion of the
droplet meniscus, wherein the second opening 1s larger
than the first opening.

2. The switch according to claim 1, wherein the frame 1s
disposed at a predetermined location relative to the at least
one signal electrode.

3. The switch according to claim 1, wherein the droplet
comprises a conductive liquid, the droplet being surrounded
by a dielectric fluid that 1s immiscible with the droplet.

4. The switch according to claim 1, wherein when the
switch 1s a non-actuated state, the frame maintains a substan-
tially constant gap between a contact line of the droplet and
the at least one signal electrode.

5. The switch according to claim 4, wherein the substan-
tially constant gap 1s a distance within the range of less than
100 um.

6. The switch according to claim 4, wherein during actua-
tion, a contact line of the droplet moves initially at a first
speed and later at a second speed slower than the first speed
and wherein the droplet contacts the at least one signal elec-
trode when moving at the first speed.

7. The switch according to claim 1, wherein the switch has
an on latency of less than about 50 us.

8. The switch according to claim 1, wherein the switch has
a rise/fall time of less than about 5 us.

9. The switch according to claim 1, further comprising a
ground electrode disposed on or beneath the upper surface of
the substrate, the ground electrode being operatively coupled
to drive circuitry.

10. The switch according to claim 1, further comprising a
second signal electrode disposed on the upper surface of the
substrate.

11. The switch of claim 1, further including a heater con-
figured to heat the switch.
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12. The switch of claim 11, wherein the heater comprises at
least one heating element disposed beneath the upper surface
of the substrate, the at least one heating element being con-
figured to heat a dielectric layer of the substrate.

13. The switch of claim 1, wherein the signal electrode
comprises a plurality of resistive elements, wherein each
resistive element 1s selectively engaged by a moving contact
line of the droplet.

14. The switch of claim 1, wherein one of the signal elec-
trodes comprises a contact electrode, wherein the droplet 1s in
clectrical contact with the contact electrode at all times during
switch actuation.

15. The switch of claim 1, wherein the frame comprises a
plurality of walls or posts formed on the substrate and in
contact with the droplet, wherein the plurality of walls or
posts constrain translation of the droplet.

16. A switch comprising:

a substrate configured as a coplanar waveguide having a
first ground portion, a signal portion, and a second
ground portion, the first and second ground portions
including respective ground electrodes, the signal por-
tion being operatively coupled to first and second signal
electrodes:

a first actuation electrode disposed beneath the upper sur-
face of the substrate adjacent to the first ground portion,
the first actuation electrode operatively coupled to drive
circuitry;

a second actuation electrode disposed beneath the upper
surface of the substrate adjacent to the second ground
portion, the second actuation electrode operatively
coupled to drive circuitry; and

a first frame disposed on or above an upper surface of the
substrate and configured to hold a first droplet 1n sub-
stantially the same location over the first ground portion;

a second frame disposed on or above an upper surface of
the substrate and configured to hold a second droplet in
substantially the same location over the second ground
portion; and

wherein actuation of the first and second actuation elec-
trodes electrically connects the first droplet with the first
signal electrode and electrically connects the second
droplet with the second signal electrode.

17. The switch according to claim 16, wherein when the
switch 1s 1n a non-actuated state, the first frame maintains a
substantially constant gap between a contact line of the first
droplet and the first signal electrode and the second frame
maintains a substantially constant gap between a contact line
of the second droplet and the second signal electrode.

18. The switch according to claim 17, wherein the substan-
tially constant gap 1s a distance within the range of less than
100 um.

19. The switch according to claim 17, wherein the first
frame includes a first opening configured to define a first
portion of the first droplet meniscus and a second opening,
configured to define a second portion of the first droplet
meniscus, wherein the second opening 1s larger than the first
opening and wherein the second frame 1ncludes a first open-
ing configured to define a first portion of the second droplet
meniscus and a second opening configured to define a second
portion of the second droplet meniscus, wherein the second
opening 1s larger than the first opening.

20. The switch of claim 16, further including a heater
configured to heat the switch.

21. The switch of claim 20, further comprising at least one
heating element disposed beneath the upper surface of the
substrate, the at least one heating element being configured to
heat a dielectric layer of the substrate.
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22. The switch of claim 16, wherein one or both of the first
and second signal electrodes comprises a plurality of resistive
clements, wherein each resistive element 1s selectively
engaged by a moving contact line of the respective droplets.

23. A method of switching comprising:

providing a switch comprising a substrate having an upper

surface containing at least one signal electrode, the
switch including at least one actuation electrode dis-
posed beneath the upper surface of the substrate and
operatively coupled to drive circuitry, the switch further
comprising a frame disposed on or above the upper
surface of the substrate and configured to hold a droplet,

wherein the frame 1s configured to produce a droplet
having a first menmiscus portion with a smaller radius of
curvature than a second meniscus portion, the first
meniscus portion forming a contact line that 1s moveable
to selectively engage the at least one signal electrode;

activating the at least one actuation electrode to move a
contact line of the droplet 1n electrical contact with the
signal electrode, wherein the droplet remains 1n substan-
tially the same location during actuation of switch and
wherein the contact line of the droplet 1s 1n electrical
contact with the signal electrode within 50 us of activat-
ing the at least one actuation electrode.

24. The method of claim 23, further comprising heating the

switch.

25. The method of claim 23, further comprising deactivat-
ing the at least one actuation electrode to move the contact
line of the droplet formed with the surface away from the at
least one signal electrode.

26. The method of claim 23, wherein during actuation, a
contact line of the droplet moves 1nitially at a first speed and
later at a second speed slower than the first speed and wherein
the droplet contacts the at least one signal electrode when
moving at the first speed.

277. A switch comprising:

a substrate having an upper surface containing at least one

signal electrode;

at least one actuation electrode disposed beneath the upper
surface of the substrate; the at least one actuation elec-
trode operatively coupled to drive circuitry;

a frame disposed on or above the upper surface of the
substrate and configured to hold a droplet 1n substan-
tially the same location during actuation of the switch;
and

a heater configured to heat the switch, wherein the heater
comprises at least one heating element disposed beneath
the upper surface of the substrate, the at least one heating
clement being configured to heat a dielectric layer of the
substrate.

28. A switch comprising:

a substrate having an upper surface containing at least one
signal electrode;

at least one actuation electrode disposed beneath the upper
surface of the substrate; the at least one actuation elec-
trode operatively coupled to drive circuitry;

a frame disposed on or above the upper surface of the
substrate and configured to hold a droplet 1n substan-
tially the same location during actuation of the switch;
and

wherein the signal electrode comprises a plurality of resis-
tive elements, wherein each resistive element 1s selec-
tively engaged by a moving contact line of the droplet.
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